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Pseudomonas aeruginosa secretes the ﬂuorescent siderophore, pyoverdine (PVD), to enable iron
acquisition. Epiﬂuorescence microscopy and cellular fractionation were used to investigate the role
of an efﬂux pump, PvdRT-OpmQ, in PVD secretion. Bacteria lacking this efﬂux pump accumulated
PVD, or a ﬂuorescent precursor, in the periplasm, due to their inability to efﬁciently secrete into
the media newly synthesized PVD. PvdRT-OpmQ is only the second system identiﬁed for secretion
of newly synthesized siderophores by Gram negative bacteria.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
To obtain iron, many microorganisms secrete high-afﬁnity iron-
chelating molecules termed siderophores that form very stable sol-
uble complexes with Fe3+ ions. Fluorescent Pseudomonads produce
ﬂuorescent siderophores called pyoverdines (PVDs) that are com-
prised of three distinct structural parts: a quinoline chromophore
derived from 2,3-diamino-6,7-dihydroxyquinoline that confers
color and ﬂuorescence to the molecule, a strain-speciﬁc peptide
comprising 6–12 amino acids bound to the carboxylic group of
the chromophore and a dicarboxylic acid, amide or a-ketoglutaric
acid attached to position C-3 of the chromophore [1–3]. PVD-syn-
thesis and iron uptake is best understood in Pseudomonas aerugin-
osa strain PAO1, which produces a PVD called PVDI [4]. When
loaded with iron, PVDI-Fe is translocated across the outer mem-
brane by a speciﬁc transporter FpvA [5]. FpvB, a second outer
membrane transporter for PVDI-Fe, has also been described but
its exact role in iron acquisition has not been elucidated [6].chemical Societies. Published by E
ced by Pseudomonas aerugin-
amont), +33 3 68 85 48 29(I.J.
Lamont), isabelle.schalk@PVDI synthesis begins with the assembly in the cytoplasm of a
non-ﬂuorescent precursor [7]. This precursor is transported across
the inner membrane into the periplasm where further steps of
PVDI synthesis occur leading to formation of the chromophore that
confers ﬂuorescence to the siderophore [8]. Fluorescent micros-
copy and chemical analyzes indicated that PVDI or a ﬂuorescent
precursor is stored in the periplasm prior to secretion [8].
The mechanisms of export of siderophores across the outer
membrane of Gram negative bacteria are not well understood. So
far as we are aware, the only example of siderophore export for
which all the components have been identiﬁed is for enterobactin
in Escherichia coli, which is transported into the periplasm by EntS
[9] and secreted across the outer membrane in a process involving
TolC [10]. In P. aeruginosa, the pvdRTopmQ genes encode an efﬂux
pump that is involved in recycling of PVDI into the extracellular
medium following uptake of PVDI-Fe and release of iron in the per-
iplasm [11–13]. This efﬂux pump is predicted to have the same
organization as other bacterial efﬂux pumps [14,15] with PvdT pre-
dicted to be an innermembrane protein, PvdR a periplasmic adaptor
protein and OpmQ an outer membrane protein with a b-barrel do-
main inserted in the outermembrane and a large periplasmic exten-
sion. However, mutations of pvdRTopmQ do not prevent secretion of
newly synthesized PVDI [12,13,16,17]. Another efﬂux pump (Mex-
AB-OprM) has also been suggested to be involved in PVDI secretion
[18] though recent research shows that this is unlikely to be the caselsevier B.V. All rights reserved.
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outermembrane is therefore not understood. Herewe have reinves-
tigated the involvement of PvdRT-OpmQ in PVDI secretion and
show that PvdRT-OpmQ is involved in secretion of newly synthe-
sized PVDI as well as recycling of PVDI that has transported iron.
2. Materials and methods
2.1. Chemicals
Chemicals were purchased from Sigma unless otherwise stated.
PVDI was prepared as described previously [19,20].
2.2. Bacterial strains and growth
The strains of P. aeruginosa used in this study are described in
Table 1. Strains were grown at 30 C in succinate medium (compo-
sition in g/l is: K2HPO4, 6.0; KH2PO4, 3.0; (NH4)2SO4, 1.0;
MgSO47H2O, 0.2; sodium succinate, 4.0 and the pH was adjusted
to 7.0 by addition of NaOH).
2.3. Genetic manipulations
Strain P. aeruginosa PAO1fpvApvdRTopmQ was engineered by
allele replacement of the wild-type pvdRTopmQ locus in PAO1fpvA
using the deletion plasmid pEXTc::DpvdRTopmQ, as described
previously [13]. Mutation of fpvB in PAO1fpvA and PAO1fpvApvdR-
TopmQwas carried out using methods described previously for tar-
geted gene deletion in P. aeruginosa [13,21]. Brieﬂy, PCR fragments
ﬂanking fpvBwere ampliﬁed using the primer pairs 50-CGCAAGCTT
GAAGTTGGAGACGCCGATCC-30/50-CGCCTGCAGTGTCCTGGATGGCG-30
and 50-CGCCTGCAGGGACCGCCGGCGTGC-30/50-CGCGGATCCGGAGG
CCCGGGCGAAG-30 (introduced restriction sites shown in bold),
joined together via the introduced PstI restriction sites and cloned
into pEXGm. Sequencing of the resulting plasmid pEXGm::DfpvB
ensured the absence of any unintended mutations. A kanamycin
resistance cassette from pNRE1 [22] was cloned into the unique
PstI site in pEXGm::DfpvB, giving rise to pEXGm::DfpvB::Km. This
was then used for allele replacement in P. aeruginosa, resulting in
deletion of the fpvB gene.Table 1
P. aeruginosa strains and plasmids used in this study.
Strain/plasmid Genotype/phenotype Reference
Strains of P. aeruginosa
PAO1 Wild-type Laboratory
stock; [27]
PAO1pvdR Pvd+; mutant efﬂux pump [13]
PAO1pvdT Pvd+; mutant efﬂux pump [13]
PAO1opmQ Pvd+; mutant efﬂux pump [13]
PAO1pvdRTopmQ Pvd+; mutant efﬂux pump [13]
K1119 mexAmexB mutant [28]
PAO1fpvA FpvA [29]
PAO1fpvAfpvB FpvA FpvB This study
PAO1fpvApvdRTopmQ FpvA; mutant efﬂux pump This study
PAO1fpvAfpvBpvdRTopmQ FpvA FpvB; mutant efﬂux
pump
This study
Plasmids
pEX18Gm Allele replacement vector;
GmR
[21]
pJSS2 fpvA (PA2398) deletion
plasmid; TcR
[30]
pEX18Gm::DfpvB fpvB (PA4168) deletion
plasmid; GmR
This study
pEX18Gm::DfpvB::KmR fpvB (PA4168) deletion
plasmid; GmRKmR
This study
pUCP22 DNA cloning vector; GmR [31]
pUCP22::pvdRTopmQ pUCP22 carrying the
pvdRTopmQ operon
[13]2.4. Image acquisition and ﬂuorescence spectroscopy
Exponential phase cells grown overnight in succinate medium
were mounted onto S750-agarose coated slides, as described pre-
viously [8]. Images were acquired on a Nikon 50i (objective: CFI
Achroplan 100 A ON 1.25 DT 0.18) microscope with a numeric
12 bits DS-Fi1 camera. Images were captured using imaging
software NIS elements. Fluorescence experiments were carried
out using a PTI (Photon Technology International TimeMaster,
Bioritech) spectroﬂuorometer. The excitation wavelength (kexc)
was set at 400 nm, and the emission of ﬂuorescence (kem) was
measured at 447 nm.
2.5. Cell fractionation
Periplasmic and cytoplasmic fractions were prepared from
2.5  1010 bacteria (25 ml of OD600 nm of 1) of an overnight culture
as described previously [23].
3. Results
3.1. PvdRT-OpmQ deletion mutants accumulate newly synthesized
PVDI in the periplasm
Cells of P. aeruginosa PAO1 have peripheral ﬂuorescence due to
the presence of PVDI in the periplasm [8]. This ﬂuorescence can be
visualized by epiﬂuorescence microscopy following high energy
excitation of living bacteria and quantiﬁed following cellular frac-
tionation [8,12,13]. Deletion of pvdRT-opmQ or of any one of the
genes encoding this efﬂux pump resulted in an increase in periplas-
mic ﬂuorescence compared to wild-type bacteria (P. aeruginosa
PAO1) (Fig. 1A). This ﬂuorescence, corresponding to that of PVDI,
could be visualised in the periplasm of pvdRTopmQ mutants, but
not wild-type bacteria, following low energy excitation in conjunc-
tion with epiﬂuorescence microscopy (Fig. 1). However, ﬂuores-
cence could be observed in the periplasm of wild-type strain PAO1
following high energy excitation (Fig. 1A) as reported previously
[8]. These observations indicate a higher amount of ﬂuorescent sid-
erophore in the periplasm of efﬂux pump mutants than in strain
PAO1. This observationwas conﬁrmedby cellular fractionationwith
more ﬂuorescence present in the periplasm of pvdRTopmQmutants
(Fig. 2A). Complementation with pUCP22::pvdRTopmQ restored
periplasmic ﬂuorescence to wild-type levels (Figs. 1 and 2). Small
amountsof ﬂuorescence (5%of that found in theperiplasm)werede-
tected in the cytoplasm (Fig. 2A), most likely due to contamination
from the periplasm during cellular fractionation [8]. All these data
suggest that in the pvdRTopmQ deletion mutants the siderophore
accumulates in the periplasm instead of being secreted into the
extracellular medium. Mutation of MexAB-OprM, which has been
described previously as being involved in PVDI secretion [18], gave
no increase of ﬂuorescent siderophore in the periplasm (Fig. 2),
suggesting that this efﬂux pump is not involved in PVDI secretion.
The ﬂuorescence in the periplasm of pvdRTopmQmutants could
have arisen from PVDI that had transported iron into the cells via
the ferripyoverdine receptors FpvA or FpvB but could not be recy-
cled into the extracellular medium, as described previously
[12,13], or could result from accumulation of newly synthesized
PVDI (or a ﬂuorescent precursor) that was not secreted. In order
to distinguish between these possibilities, the experiment was re-
peated with strains unable to take up PVDI-Fe. Two PVDI-Fe outer
membrane transporters have been described, FpvA and FpvB [6,24]
although in our experimental growth conditions PVDI-Fe is only
transported by FpvA (unpublished data). Deletion of pvdRTopmQ
resulted in the accumulation of ﬂuorescence in the periplasm in
strains lacking fpvA and fpvB as shown by both epiﬂuorescence
microscopy and cellular fractionation (Figs. 1B and 2B). This
Fig. 1. Epiﬂuorescence microscopy. (A) The experiment was carried out with PAO1 cells. Pictures a and b were taken with Ex 400–440 HQ, Em 470 HQ, Dc 455 (ﬁlter
speciﬁcation) and picture c was taken with light microscopy (white bar = 2 lm). An eight-fold higher excitation intensity was used in picture b compared to picture a. At high
excitation intensity, the ﬂuorescence present in the periplasm of PAO1 can be visualized; this energy saturates the periplasmic ﬂuorescence for the pvdRTopmQmutants (data
not shown). At lower energy, ﬂuorescence is not visible in PAO1 (panel B and picture a in panel A), but is clearly present in the periplasm of pvdRTopmQmutants (pictures in
panel B). (B) For each pair of images the left picture was taken with Ex 400–440 HQ, Em 470 HQ, Dc 455 (ﬁlter speciﬁcation) and the right one taken with light microscopy
(white bar = 2 lm). All images in part B were acquired at an excitation intensity equivalent to that used for (A) picture (a). Images were obtained for three independent
cultures for all strains and representative images are shown.
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cause of lower PVDI production by these mutants – FpvA is re-
quired for maximal PVDI production due to its role in a signal-
transduction pathway that controls siderophore synthesis [25].
Strains lacking FpvA and FpvB cannot import PVDI-Fe and so the
ﬂuorescence that accumulates in the periplasm in the absence of
PvdRT-OpmQ is due to newly synthesized PVDI.
3.2. Absence of PvdRT-OpmQ affects the kinetics of PVDI synthesis
PVDI synthesis starts in the cytoplasm and ends with chromo-
phore formation in the periplasm [8]. The kinetics of formation of
the PVDI chromophore can be followed by monitoring ﬂuorescence
produced by living cells [8] and this was done for stationary phase
cells that had been resuspended in succinatemedium (Fig. 3A). Over
the course of the experiment, ﬂuorescence increased in a linearmanner for wild-type strain PAO1, showing that synthesis of PVDI
is continuous. Mutation of pvdRTopmQ decreased the rate of PVDI
production, and PVDI production was only partially restored when
the mutation was complemented. Reduced PVDI synthesis in the
pvdRTopmQ mutant only occurred in the lag phase of the culture.
Once the cells started to grow PVDI production and secretion was
not affected by the absence of PvdRT-OpmQ (Fig. 3B) as reported
previously [12,13,16,17]. Mutation ofmexAmexB did not affect PVDI
synthesis (Fig. 3A), indicating again that this pump is not directly in-
volved in PVDI secretion.4. Discussion
P. aeruginosa secretes into the extracellular medium both newly
synthesized PVDI and recycled PVDI that has already transported
Fig. 2. Fluorescence in cytoplasmic and periplasmic fractions. Periplasmic and
cytoplasmic fractions were prepared as described previously [23] from
2.5  1010 bacteria for each strain, after overnight culture. Samples were excited
at 400 nm and the ﬂuorescence was monitored at 447 nm. The amount of
ﬂuorescence is proportional to the amount of PVDI or PVDI precursor present in
each sub-cellular fraction. The data are means of three independent experiments.
Cytoplasm, black bars; periplasm, grey bars.
Fig. 3. (A) Kinetic of in vivo PVDI production. Strains PAO1 (s), PAO1pvdRTopmQ
(h), PAO1pvdRTopmQ (pUCP22::pvdRTopmQ) (j) and K1119 (4) were grown
overnight in succinate medium, collected at stationary phase, resuspended in fresh
medium to OD600 nm of 0.05 and incubated at 37 C. The total ﬂuorescence was
measured for 2 h at 450 nm (excitation at 400 nm). (B) Strains PAO1 and
PAO1pvdRTopmQ were diluted in succinate medium at an OD600 nm of 0.1 at
37 C. Bacterial growth and PVDI production were monitored at 600 nm (PAO1, d
and PAO1pvdRTopmQ, N) and 400 nm (PAO1, s and PAO1pvdRTopmQ, 4), respec-
tively. In this experiment the production of PVDI was large and so absorbance at
400 nm was used in place of ﬂuorescence detection to measure the amount of PVDI.
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after iron transport involves the efﬂux pump PvdRT-OpmQ
[12,13] with mutation of this pump completely abolishing PVDI
recycling. The involvement of PvdRT-OpmQ in the secretion of
newly synthesized PVDI was less clear. Production of PVDI by P.
aeruginosa gives a characteristic yellow-green color to the cultures
and this is reduced but not prevented by mutation of pvdRTopmQ
[16,17]. Furthermore, using cellular fractionation with strains un-
able to take up PVDI-Fe (fpvAmutants). Imperi et al. concluded that
PvdRT-OpmQ was not involved in secretion of newly synthesized
PVDI [12]. Nonetheless an efﬂux pump that can export recycled
PVDI, and the genes for which are co-expressed and co-localised
with PVDI synthesis genes [16,17], seemed a strong candidate for
secretion of newly synthesized PVDI, prompting us to revisit this
issue.
Using fpvA and fpvB mutants, cellular fractionation and epiﬂuo-
rescence microscopy, we observed accumulation of ﬂuorescence
corresponding to newly synthesized PVDI in the periplasm of cells
lacking PvdRT-OpmQ. This accumulation was very clearly observed
by ﬂuorescence microscopy (Fig. 1B) with the periplasm of strains
PAO1fpvApvdRTopmQ and PAO1fpvAfpvBpvdRTopmQ being clearly
more ﬂuorescent than the corresponding receptor mutant strains
in which the efﬂux pump was functional. Consistent with this, cel-
lular fractionation gave a 2.3-fold increase of periplasmic ﬂuores-
cence for PAO1fpvApvdRTopmQ compared to PAO1fpvA or PAO1
(Fig. 2B); despite repeated attempts, we were unable to obtain
periplasmic fractions for strain PAO1fpvAfpvBpvdRTopmQ due tocell lysis. These ﬁndings are in contradiction with the earlier con-
clusion that PvdRTOpmQ is only involved in recycling of PVDI,
and not secretion of newly synthesized PVDI [12]. This different
conclusion may reﬂect the use of different growth media; different
mutants, with strains PAO1fpvApvdRTopmQ and PAO1fp-
vAfpvBpvdRTopmQ used here lacking all of the efﬂux pump pro-
teins, whereas strain PAO1fpvApvdR used previously lacks only
the periplasmic part of the pump; and/or the fact that previously
only the cellular fractionation approach, which is less direct than
epiﬂuorescence microscopy, was used. In our experimental condi-
tions, 30% less PVDI was found in the extracellular medium for
PAO1pvdRTopmQ overnight cultures compared to wild-type bacte-
ria (data not shown) and a reduction of this amount may have been
overlooked previously. The ability of bacteria lacking PvdRT-OpmQ
to secrete PVDI, though less efﬁciently than wild-type cells, indi-
cates the presence of at least one other system that can also secrete
PVDI from the cells.
Absence of PvdRT-OpmQ also affected the kinetics of PVDI syn-
thesis in stationary phase bacteria (Fig. 3), indicating a link be-
tween PVDI production and the presence of this efﬂux pump.
This inhibition is observed in cells in stationary phase but not in
exponential phase, so that the decrease in PVDI synthesis is most
likely due to accumulation of PVDI in the periplasm of the
PvdRT-OpmQ mutants. This excess PVDI might interact with the
periplasmic biosynthetic enzymes and block their activity.
In conclusion, all our data indicate that the PvdRT-OpmQ sys-
tem not only enables recycling of PVDI but also is normally respon-
sible for export of newly synthesized PVDI after the ﬁnal steps of
biosynthesis have taken place in the periplasm. In the absence of
M. Hannauer et al. / FEBS Letters 584 (2010) 4751–4755 4755this efﬂux system, PVDI accumulates in the periplasm although an-
other efﬂux system can carry out secretion.
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